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Abstract 
Polymer foams are the material of choice for applications that require comfort, cushioning, and 
high energy absorption. While popular, the relationship between their microstructure and their 
mechanical properties is not yet strongly predictable. The aim of this project is to look at the 
different relationships between the area or volume occupied by pores compared to the amount of 
solid material and determine which method of quantifying this relationship will provide the best 
prediction of mechanical properties. To examine this relationship, foams of various densities 
made from either ethylene-co-vinyl acetate or thermoplastic polyurethane were first physically 
characterized through three methods: (1) density measurements, (2) calculating the area occupied 
by pores compared to the overall area of the cross-section, using scanning electron microscope 
(SEM) images, and (3) using SEM images to develop a representative cell for each polymer at 
each density. Next, compression tests were performed to characterize the elastic, plastic, 
viscoelastic, and anelastic properties of the foams. Statistical models were used to relate physical 
characteristics to mechanical properties, and they showed that density provides accurate 
predictions of the Young’s modulus for EVA and TPU, yield strength for EVA and TPU, and 
area of hysteresis for EVA. Future work can focus on determining whether the final results can 
be extended to account for viscoelastic behavior and higher strain rates. 
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Introduction 
Specific Mechanical Design 
In recent decades, interest in polymer foams has increased greatly as their high specific strength, 
high damping, low thermal conductivity, and high acoustic damping properties have proved to be 
useful in applications such as mattresses, helmet and seat cushionings, and reinforcements in 
composite sandwich panels. The purpose of polymer foams in this project is for energy 
absorption. Ultimately, the aim is to be able to use information about the base resin, processing 
method, and morphology of certain foams to predict their mechanical responses. With a robust 
model, specific mechanical responses can be designed for within a single component. If the goal 
is achieved, benefits such as improved user experience and more purposeful and less wasteful 
manufacturing of products are expected. 
Viscoelastic Behavior 
There are two general ways a material can deform. The first, described by Hooke’s law, states 
that an ideal solid extends proportionally with the load applied. Hooke’s law describes the 
“elastic” behavior of homogeneous, isotropic, ideal solids and is represented with the equation: 
𝜎 = 𝐸𝜀 
where σ = stress, ε = strain, and 𝐸 = Young’s modulus (the proportionality constant). For a 
Hookean material, when a load is applied energy is stored as potential energy within the bonds, 
and upon removal of the load the potential energy allows the material to return to its original 
shape (Fig. 1a). The second way a material may deform is described by Newton’s law, which 
states that, for an ideal fluid, the shear stress changes proportionally with the shear rate. Shear 
stress (τ) can be found as: 
τ =  ηγ̇ 
where γ̇ = shear rate and η = viscosity (the proportionality constant). In contrast to Hookean 
materials, when shear stress is applied to Newtonian materials all the energy is released as heat 
and upon removal of the shear stress the material permanently deforms (Fig. 1b). Polymer foams, 
however, exhibit viscoelastic behavior, which is neither solid nor liquid, but somewhere in 
between. The deformation of viscoelastic materials depends both on the load applied and the 
loading rate (Fig. 1c).  
An example of this behavior can be seen in foam mattresses, a common application of polymer 
foams. After getting up from a mattress, one can see both an immediate change in the foam as it 
rises and a lagging rise in which the foam slowly returns to its original shape. The extent of such 
behaviors depend on parameters such as chemical structure, temperature, experimental time, and 
morphology.  
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Figure 1. (a) For a purely elastic response, all stress applied will be returned when the stress is removed. (b) For a 
purely viscous response, all stress applied will dissipate as heat when shear stress is removed. (c) Upon loading, the 
viscoelastic response shows both an immediate and gradual change in deformation that can be attributed to both 
elastic and viscous behaviors (Painter & Coleman, 1997). 
Experimental Measurements of Viscoelastic Behavior 
When measuring the mechanical responses of viscoelastic materials, three characteristics are 
unique to these materials. The first characteristic, creep, says that when a constant stress is 
applied, strain will continue to increase with time. In a perfectly elastic solid, a constant stress 
results in a sudden change in strain, and that strain is held until the stress is removed. In a 
perfectly viscous fluid, strain increases linearly with time as energy is released in flow. Upon 
removal of the shear stress, permanent deformation is observed. These behaviors were 
schematically shown in Figures 1a and 1b. Creep can be observed by loading and unloading a 
viscoelastic material at a constant strain rate. If this were performed on a perfectly elastic 
material, the stress-strain curve (Fig. 2a) would show a linear increase of stress with strain, and 
upon unloading the curve would follow the same line back. However, for a viscoelastic material, 
the curve from unloading would exhibit less stress for each percent strain (Fig. 2b) and a 
hysteresis loop forms. The hysteresis loop is observable in all viscoelastic materials and the area 
inside the hysteresis loop represents the amount of energy lost as heat during the experiment. 
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Figure 2. The load and unload curve for a viscoelastic material (b) differs from that of an elastic material (a) in that a 
hysteresis loop is formed that results from the viscous component of the viscoelastic material. It is a consequence of 
energy being dissipated as heat instead of being reused to return the material to its original shape (“Mechanical 
Properties of Materials, n.d.). 
A second characteristic of the mechanical responses of viscoelastic materials is stress relaxation. 
For stress relaxation, when a constant strain is applied the stress continues to decrease with time. 
In such tests, a strain is applied as quickly as possible (ideally instantaneously) and the 
decreasing stress is measured against time (Fig. 3). Results can be reported in terms of the 
relaxation modulus, E(t), which is the amount of stress at a time, t, divided by the constant strain. 
 
Figure 3 The top plot shows when the stress is applied and the bottom plot shows the ideal stress relaxation curves 
for elastic, viscous, and viscoelastic materials. The resulting curve helps determine how elastic and viscous a 
viscoelastic material is, as more viscosity corresponds to greater exponential decay (“Viscoelastic Behavior”, 2017). 
The final mechanical response characteristic of viscoelastic materials can be found through 
dynamic mechanical analysis (DMA), which measures the strain response when an oscillatory 
stress is applied (Fig. 4). DMA can separate the elastic and viscous responses in viscoelastic 
materials and reports them as the storage modulus (E or G') and loss modulus (E’ or G''), 
respectively. Further, tan δ can be found both directly through DMA and by dividing G'' by G'. 
Tan δ represents the phase angle of the material, and the greater tan δ is the more viscous the 
material is (because of the greater G'' value). 
a) b) 
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Figure 4. A schematic of the results of DMA shows the relationships among storage modulus (G'), loss modulus 
(G''), and tan δ. Tan δ is shown to peak where there is the greatest positive ratio when dividing G' from G'' (Painter 
& Coleman, 1997). 
Foam Structure 
For polymer foams, along with viscoelasticity inherent in polymeric materials, the foam structure 
also plays a key role in the mechanical behavior of these materials. The polymer foam structure 
is a type of cellular structure, and cellular structures are readily found in nature due to their good 
mechanical properties at low densities. Examples are wood, bone, and bird beaks. Humans have 
recently begun to implement cellular structures with the advent of the honeycomb structure used 
in composite sandwich panels and with the use of foams. Foams can be divided into two main 
categories, open and closed cell. The difference between the two is that open cell foams lack the 
faces that separate individual cells and air is thus able to travel throughout the foam. In closed 
cell foams gas is trapped within the cells. 
Cellular Components 
Three main components make up the cell structure: edges, vertices, and faces (Fig. 5). Like 
closed-cell foams, open cell foams have edges and vertices. Edges form the lengths of the cells 
and are often considered “struts”. The second element, vertices, connect the edges and are 
perceived as nodes within the foam. The last element, only found in closed-cell foams, are faces 
that act as membranes that separate cells. 
 
Figure 5. A scanning electron microscope was used to capture images of (a) an open cell polyurethane foam and (b) 
a closed cell low-density polyethylene (LDPE) foam. In contrast to the closed-cell foam, edges deep within the open 
cell foam are clearly visible (Mills, 2007). 
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Cellular Shape 
Lord Kelvin (1887) proposed one of the earliest cell structures of foams, suggesting that a 
tetrakaidekahedron with eight non-planar sides, six planar quadrilateral faces, all curved edges, 
and an angle of 109.5º between edges and vertices provided the minimum surface energy in cell 
formation. Later, Williams (1968) reviewed the cell geometries of plant cells, soap bubbles, and 
metal grains and found that the cells had an average of 14 faces, 5.14 sides per face, and 
tetrahedral vertices. He named this the β-tetrakaidekahedron, but this shape has not been popular 
in mechanical models as it is too difficult to analyze. In 1994, the tetrakaidekahedron saw 
another modification as Kraynik and Warren proposed the “Kelvin foam” (Fig. 6), with planar 
hexagonal and square faces, inter-edge angles of either 90º or 120º, and uniform edge lengths. 
While Weaire and Phelan (1994) showed a foam to have 0.5% less surface energy than the 
Kelvin foam, its low symmetry has resulted in the Kelvin foam remaining the standard for 
modeling. 
 
Figure 6. Image of Kraynik and Warren’s Kelvin foam (Mills, 2007). 
Mechanics of Closed Cell Foams 
Typical Compression Response 
As the purpose of the polymer foams for this project is energy absorption, it is important to 
understand the mechanical response for foams under compression. For both open and closed cell 
foams under compression, the typical stress-strain curve (Figure 7) consists of three regions: (1) 
the linear elastic region where cell walls bend, stretch, and contract, (2) a plateau or compaction 
region where cell walls deform as they buckle, bend, and fracture, and (3) a densification region 
where voids disappear and the cell walls compress against each other, resulting in the material 
stiffening. With the compression tests that will be performed in this project, the max loads are 
expected to take the foams into the plateau region. It is undesirable for the foams to enter the 
densification region, because that means significant plastic deformation would occur during 
normal loads seen in the application. Plastic deformation would result in the mechanical 
properties of the foams declining during normal use. 
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Figure 7. The typical stress-strain curve of a viscoelastic foam under compression shows three distinct regions that 
correspond with changes undergone in a cell structure when a load is experienced (Elliott et al., 2002). 
Factors Affecting Mechanical Responses 
In closed cell foams (which, rather than open cell foams, will from hereon be the focus due to 
their application in this project) numerous factors come into play and it is beneficial to identify 
which factors contribute the most, so substantial changes in foams can be both analyzed and 
developed by looking at the fewest number of properties. With proper changes to the 
microstructure, the plateau stress can be controlled and the densification region can be avoided. 
Numerous sources (Mills, 2007; Erjavec, 2011; Linul et al., 2013) have identified that the most 
influential parameter on foam mechanical properties is relative density, which can be found as: 
𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 =  
𝜌∗
𝜌0
=
𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑐𝑒𝑙𝑙𝑢𝑙𝑎𝑟 𝑠𝑜𝑙𝑖𝑑
𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑠𝑜𝑙𝑖𝑑 𝑡ℎ𝑒 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑖𝑠 𝑚𝑎𝑑𝑒 𝑓𝑟𝑜𝑚
 
Linul et al. found foam density to be more influential on mechanical properties than temperature, 
loading rate, and material orientation. They also found out that increased density leads to 
increased Young’s modulus, yield stress, and plateau stress. Geglia et al. (2012) also found a 
strong positive dependence between Young’s modulus and foam density. 
Pore size has also been found to affect mechanical responses. Saha et al. (2005) found that, at the 
same density, poly(vinyl chloride) foams with smaller cell sizes were superior at high strain 
rates, and larger cell sizes were superior at quasi-static strain rates. Further, Bouix, Viot, and 
Lataillade (2008) found that smaller cells with shorter, thinner walls performed better under 
quasi-static compressive stress, and larger cells with larger, thicker cell walls performed better 
under dynamic loading. Erjavec (2011) states, however, that while cell size is frequently 
measured, it provides little importance to mechanical properties.  
Other factors, such as air response in cells, the interaction between the air and polymer, and heat 
transfer within the polymer, also affect the mechanical responses. Even though these factors 
exist, they are factors that cannot be easily controlled through processing and they are 
cumbersome to consider.  
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Modeling of Polymer Foams 
Background 
Much research has been devoted to developing models that can predict the mechanical responses 
of foams under various loading conditions. The various modeling methods include constitutive 
modeling, finite element analysis (FEA) modeling, and statistical modeling. 
Constitutive and FEA Modeling 
Constitutive models, or constitutive equations, are mathematical equations that relate two 
physical quantities. For these purposes, it is desired to find the relationship between the stresses 
and strains of polymer foams. Hooke’s Law is a basic example of a constitutive model relating 
stress to strain. Various other properties, like temperature and density, can be inputted into the 
models to more accurately relate the two quantities. FEA models go a step further and use 
numerical methods to find the stress and/or strain distribution throughout a computer-generated 
part in response to hypothetical, specified loading conditions. For example, one can develop a 
3D model of a bridge and use an FEA program to visually see the stress distribution throughout 
it in response to a specified load (Fig. 8). Further constitutive equations can be inputted into FEA 
models to test the accuracy of the equation by comparing the model results with experimental 
results. As FEA models have become more commonplace in academia and industry, constitutive 
and FEA models are often used in conjunction. 
 
Figure 8. An FEA model can be used to find the stress distribution throughout a physical component, and these 
models make it simple to determine where parts are most likely to yield and which areas experience the most strain. 
Here, the model shows that the most stress occurs around the center of the bridge (the red region) (“Finite Element 
Analysis”, n.d.). 
Due to the popularity of the use of polymer foams in sandwich panels and other composite 
applications, the study of the mechanics of these materials has been given increasing attention 
over the past couple decades. Jeong, Cheon, and Munshi (2012) developed a seven-parameter 
constitutive model that accurately models the stress-strain behavior of polyurethane foams across 
six different strain rates (.0001, .001, .01, .1, 1, and 10 s-1). The parameters were determined 
using a two-step process, by which five parameters were taken from fitting their equation to one 
strain rate test and the last two parameters were found by fitting their equation (with the five 
discovered parameters) to a second strain rate test. Lee et al. (2018) developed a different 
constitutive model, that considers the effects of both porosity and temperature for polyurethane 
foams, that fits the stress-strain curves of the foam at various strain rates and temperatures. 
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Mckown (2015) used an FEA model to show how aluminum foam with a Kelvin foam structure 
would behave when compressed in the [001] direction (Fig. 9) 
 
Figure 9. Mckown’s FEA model predicted that the top cell fully collapses before any significant changes to the 
bottom cell occur (Mckown, 2005). 
Statistical Modeling 
Like constitutive models, statistical models involve the use of mathematical equations to relate 
two variables. Unlike constitutive models, though, statistical models depend on probability 
distributions rather than single, specific values to make the relationships. Durand (2015) 
reviewed how they have been used to show how, in two dimensions, the sizes of pores relate to 
the number of sides. Kontou, Spathis, and Kefalas (2012) considered the anisotropy of both 
polymeric and metallic foams, and used an orientation distribution function (ODF) to 
successfully describe the compressive responses of the foams in both the transverse and rise 
directions. Geibendorfer et al. (2014) used stochastic models of metallic foams from images 
obtained by computed-tomography (CT) to develop FEA models that predicted macroscopic 
properties with mean values 3% greater than the experimentally-determined values. 
Project Aim 
The various components that affect the project have been outlined. The viscoelastic behavior for 
polymer foams has been reviewed, along with the methods used to characterize it: creep tests, 
stress relaxation tests, and DMA. The properties of foams that most affect the mechanical 
responses have been identified: relative density and (much less so) cell size. Finally, the three 
methods used to model foams have been covered (constitutive, FEA, and statistical). 
All this information culminates into the purpose of this project, which is to develop some type of 
model that can connect the structural features of two types of polymer foams, ethylene-co-vinyl-
acetate (EVA) and thermoplastic polyurethane (TPU), with their mechanical responses. For this 
project, statistical models will be used due to their simplicity. The three structural features that 
will considered for the models are density, cell areal density, and inner radius/thickness. Cell 
areal density will be determined by collecting images using a scanning electron microscope 
(SEM) and then using these images to determine the percent area occupied by pores. The SEM 
images will then further be used to develop a representative cell for each density of each polymer 
foam. The inner radius/thickness is calculated by dividing the radius of a representative cell by 
its cell wall thickness. To analyze the mechanical responses, compression load/unload and stress 
relaxation tests will be performed to characterize elastic, plastic, anelastic, and viscoelastic 
behaviors. Finally, statistical models will be developed to determine how well the structural 
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features correlate with the mechanical behaviors, and to see if statistical models can be used to 
predict any of the mechanical behaviors. 
Materials 
Two sets of polymer foams were provided, one set made from EVA and the other from TPU. 
EVA of five different percent blowing agents (2%, 4%, 6%, 8%, and 10%) and TPU of four 
different curing temperatures (125 °C, 130 °C, 135 °C, and 140 °C) were given. These different 
processing parameters were used to vary the foams’ densities (Fig. 10). The foams came as 
sheets and a water jet cutter was used to cut out cylindrical test samples. The EVA samples were 
cut to a diameter of 1 inch and, due to a limited stock of TPU, the TPU samples were cut to a 
diameter of 0.875 inch. The heights of the samples varied across each different density and type 
of foam, and were not changed. 
   
Figure 10. (a) The effect of percent blowing agent on density of EVA and (b) the effect of cure temperature on the 
density of TPU can be seen. It is apparent that these processing parameters were used to target a specific range in 
density. 
Procedure 
Structural Characterization 
Density 
To obtain the densities, calipers were used to measure the diameters and heights of the foams. A 
scale was used to measure the masses to the nearest hundredth of a gram (see Appendix A).  
SEM Images 
An SEM FEI Quanta 200 was used to collect the images used for the calculations of the cell areal 
densities and representative cells. While some deviations occurred, a spot size of 4 and voltage 
of 10 kV provided adequate images. Images were collected at several magnifications, up to 500x.  
ImageJ Analysis 
The ImageJ software was used to analyze the SEM images. The SEM images were loaded into 
ImageJ as .tiff files. To begin, the scale of the image was reset to match the micron bar provided 
in the SEM image. Then, areas of 100 µm x 100 µm were selected for analysis, ensuring that at 
least 30 pores were present. The “Polygon selections” tool was used to manually outline the 
outer edges of each pore. Once the pore was outlined the “Delete” button was used to erase the 
area inside the pores. This was then completed for every pore. The “Threshold” was then applied 
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to produce a black and white image. The “Analyze Particles” tool then counted the number of 
pores and areas of each pore. To account for partial areas of pores, each pore at an edge counted 
as half a pore and each pore at a corner counted as a quarter of a pore.  
Cell Areal Density Calculation 
From the ImageJ analysis, cell areal density is calculated by dividing the area occupied by pores 
by the total area analyzed.  
Representative Cell 
From the ImageJ analysis, using the area occupied by pores, the area occupied by polymer, and 
the total number of pores per image, a representative cell was produced for each density of each 
foam. To find the appropriate pore radius and cell wall thickness, one must first divide the pore 
area and polymer area by the calculated number of pores to obtain an average pore area and an 
average polymer area, respectively. Then the following equations must be used: 
𝑅𝑎𝑑𝑖𝑢𝑠 =  √
𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑝𝑜𝑟𝑒 𝑎𝑟𝑒𝑎
𝜋
 
𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 =  √
𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑝𝑜𝑟𝑒 𝑎𝑟𝑒𝑎 + 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑤𝑎𝑙𝑙 𝑎𝑟𝑒𝑎
𝜋
− 𝑅𝑎𝑑𝑖𝑢𝑠 
An example of a representative cell (Fig. 11) shows that it has a circular area, that represents the 
average size of a pore if the pores were circular, and a peripheral cell wall area that represents 
the average thickness of a circular cell wall for the representative pore. The value of the 
structural feature inner radius/thickness is then calculated by dividing the appropriate values 
determined from the representative cells. 
 
Figure 11. An example of a representative cell (also named equivalent circle) calculated for 2% EVA. These have 
been shown to provide good approximations of mechanical properties for the polymer foams researched. 
Mechanical Characterization 
Mechanical testing was performed using an Instron Mini 55 with a 500 N load cell. For the 
load/unload tests, strain rates of 0.5 mm/min, 5 mm/min, 10 mm/min, and 15 mm/min were used. 
Samples were taken to pre-calculated engineering stresses of 250 kPa. For the stress relaxation 
tests, all samples were taken to engineering strains of 5%, 10%, 20%, and 30%. Due to a limited 
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number of virgin samples, the 5% tests for TPU were not performed. The initial loading rate was 
40 mm/min and tests were run for either three or five minutes. 
Results 
Structural Characterization 
Density 
Figure 10 graphically compares how the densities of the foams were affected by the percent 
blowing agent (for EVA) and the cure temperature (for TPU). In this section the numerical 
results are listed (Table I). Expectedly, increases in percent blowing agent and cure temperature 
result in decreasing density. Further, 2% EVA has an almost identical density to 125 °C TPU. 
Table I. Average Foam Density Results 
Polymer EVA TPU 
Foam 
Type 
2% 4% 6% 8% 10% 125 °C 130 °C 135 °C 140 °C 
Average 
Density 
(g/cm3) 
0.4002 0.2429 0.1806 0.1381 0.1141 0.4004 0.3498 0.2847 0.1930 
SEM Images 
The SEM images (Fig. 12) show how the microstructure of the foams change as the densities 
decrease, and show the stark differences between EVA and TPU microstructures. For images of 
all the foams see Appendix B. For EVA, as density decreases the number of pores per area 
appear to increase and the pore sizes appear to decrease. For TPU, as density decreases the 
number of pores per area appear to decrease slightly as the pore sizes appear to enlarge. 
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Figure 12. Samples shown are (a) 2% EVA (b) 10% EVA, (c) 125 °C TPU, and (d) 140 °C TPU. All images were 
taken at magnifications of 200x except (a), which was taken at 150x. The 10% EVA sample (b) was the only sample 
to not have largely uniform pore sizes. 
Cell Areal Density 
The trends in cell areal density (Table II) fall in line with the data for density. However, while 
the densities for EVA and TPU fall within the same range, the TPU reaches significantly higher 
cell areal densities. Further, while 2% EVA and 125 °C TPU have almost identical densities, the 
125 °C TPU has a significantly greater cell areal density. As an aside, it will be important to note 
how the mechanical properties will change between these two foams, and to see if, given the 
same density, how cell size affects mechanical properties.1  
  
                                                 
1 With almost identical densities, the TPU was found to have a lower Young’s modulus and yield strength than the 
EVA. As the pore sizes of TPU were significantly smaller than EVA, the decrease in mechanical properties may be 
due to an earlier onset of buckling of the much thinner cell edges and cell walls. 
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Table II. Cell Areal Density Results 
Polymer EVA TPU 
Foam 
Type 
2% 4% 6% 8% 10% 125 °C 130 °C 135 °C 140 °C 
Cell 
Areal 
Density 
(%) 
70.34 75.40 77.68 79.41 79.78 79.35 80.54 88.11 91.03 
Representative Cell – Inner Radius/Thickness 
The representative cells, named “Equivalent Circles” in Figure 13, provide several insights (all 
representative cell figures can be found in Appendix C). For EVA, as the density decreases the 
representative cell decreases in size. However, for TPU, as density decreases the pore size 
increases and cell wall thickness decreases. Also, Figure 13a and 13b have almost identical 
densities, but the representative cell for EVA is significantly larger. These representative cells 
were used to calculate the inner radius/thickness values (Table III). 
 
Figure 13. The representative cells show how the average cell area and average area of material around each cell 
change as density changes. It is noteworthy that changes in density affect EVA and TPU differently. Here TPU is 
simply named PU and the pressure used during processing (200 bar) is mentioned. 
14 
 
Table III. Inner Radius/Thickness Results 
Polymer EVA TPU 
Foam 
Type 
2% 4% 6% 8% 10% 125 °C 130 °C 135 °C 140 °C 
Inner 
Radius/ 
Thickness 
5.200 6.594 7.422 8.184 8.363 8.155 8.745 15.31 20.79 
Mechanical Characterization 
Load/Unload Tests 
The data outputted was converted from load vs. displacement to true stress vs. true strain. When 
plotting different strain rates on the same plot for a given density for both EVA and TPU (Fig. 
14), it is apparent that as strain rate decreases the true stresses reached decrease and the true 
strains reached increase. For the strain rates used, strain rate has little effect on the stress-strain 
curves. To observe the effect of density, plots were produced at a set strain rate to show how 
density affects the mechanical responses (Fig. 15). 
  
Figure 14. (a) shows the effect of strain rate on 8% EVA and (b) shows its effect on 140 °C TPU (named “Density 
1”here). The remaining plots for each density can be found in Appendix D. 
 
Figure 15. The effects of the changes in density for (a) EVA and (b) TPU at a given strain rate are shown. For TPU, 
Density 1 represent the lowest density sample and Density 4.2 represents the highest density sample. The remaining 
plots produced for the rest of the strain rates can be found in Appendix D. 
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Stress Relaxation Tests 
All data from the stress relaxation tests are plotted in Figure 16. The stress relaxation times were 
calculated to be the time it took to reach 90% of the max stress. 
   
Figure 16. The stress relaxation plots for (a) EVA and (b) TPU. Stress relaxation times for TPU are greater than 
those of EVA. 
Discussion 
To find the effects that structural characteristics have on mechanical responses of EVA and TPU 
foams, several mechanical properties were calculated from the mechanical characterization data 
(see Appendix E). The mechanical properties chosen for statistical analysis were Young’s 
modulus, yield strength, and area of hysteresis. Statistical analysis was performed using Minitab. 
Correlations were only performed on one set of strain rates for each type of foam. For example, 
only the Young’s moduli of EVA tested at a strain rate of 15 mm/min were correlated against 
density. A multiple linear regression was performed to rank which structural features were most 
important for predicting each mechanical property, but an insufficient amount of data lead to 
unsatisfactory degrees of freedom, which produced unreliable results.  
Before performing statistical models, correlations were performed among the structural features 
(Table IV). These correlations showed significant correlations between each predictor variable. 
Therefore, if one predictor variable, such as density, significantly correlates with a mechanical 
property, such as Young’s modulus, another predictor variable would predict the Young’s 
modulus just as well. Consequently, ranking the structural features would not provide much 
insight anyway, and valuable information could still be found by correlating a single structural 
feature, which was chosen to be density, against the mechanical properties  
Table IV. Correlations Between Structural Characteristics  
Density Cell Areal Density 
Cell Areal Density -0.999 
 
 
0.000 
 
Inner Radius/Thickness -0.991 0.994  
0.001 0.001 
Cell Contents: 
      Pearson correlation 
      P-Value 
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Linear regression plots for comparisons of density against mechanical properties were produced 
(see Appendix F), and the results are summarized in Table V. Except for density vs. area of 
hysteresis for TPU, all correlations are statistically significant when an alpha value of .05 is used. 
Further, if an alpha value of .01 is used, all correlations involving EVA are still statistically 
significant. Similarly, all R2 values are high, except for the density vs. area of hysteresis of TPU. 
Also, R2 values for EVA are better than those of TPU for each correlation.  
Table V. Correlation Data Between Density and Mechanical Properties 
 
Foam P-Value R2 
Density vs. Young's Modulus 
EVA 0.00000 99.87% 
TPU 0.04600 91.01% 
Density vs. Yield Strength 
EVA 0.01000 97.92% 
TPU 0.04300 91.54% 
Density vs. Area of Hysteresis 
EVA 0.00400 95.88% 
TPU 0.20300 63.56% 
P-values represent the likelihood of there being no correlation between two values, so the low P-
values indicate the high likelihood of there being a correlation in each comparison, except for 
that of density vs. area of hysteresis for TPU. High R2 values indicate how well the linear fit 
accounts for variability within the data, and the values produced show that the statistical models 
fit the data well in almost every case.  
These results show that if the densities of EVA and TPU foams are known, it can be predicted 
with significant accuracy the Young’s modulus for both foams, the yield strength for both foams, 
and the area of hysteresis for EVA. Again, the equations produced from the statistical analysis 
(Table VI) were taken only for a single strain rate. Because the mechanical properties did not 
change much across the different strain rates (0.5 mm/min, 5 mm/min, 10 mm/min, and 15 
mm/min) though, these equations may be used to estimate the mechanical properties for all the 
strain rates tested.  
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Table VI. Equations to Calculate Mechanical Properties from Density (ρ) 
Mechanical Property EVA TPU 
Young’s Modulus -735.1 + 11,290ρ -675.6 + 5,234ρ 
Yield Strength -85.02 + 1,004ρ -39.55 + 421.1ρ 
Area of Hysteresis 8261 – 19,902ρ unreliable 
However, these results can only be confidently made for these particular EVA and TPU foams. 
As the names of the polymers do not indicate the polymer compositions and as the monomers 
that make up the polymers can have drastically different structures, the models cannot be 
inferred to be true for all EVA and TPU foams.  
Conclusions 
1. The correlations between density, the data derived from the SEM images (cell areal density), 
and the data from the representative cells (inner radius/thickness) are all significant, so 
knowing how one of these values changes allow one to confidently predict how much the 
other values change. 
2. Knowing the densities of these EVA and TPU foams allow one to predict, with significantly 
low variability, the Young’s modulus for both foams, the yield strength for both foams, and 
the area of hysteresis of EVA at low strain rates. 
Future Work 
While statistical models have been developed for Young’s modulus, yield strength, and (for 
EVA) area of hysteresis, the validity of these models must be checked on all the strain rates used. 
If these models are niche to the strain rates they were produced from, their usefulness is 
questionable. Further, it is not known if these models would apply to higher strain rates. It would 
be beneficial to see at what strain rate do mechanical properties significantly begin to change, 
and how they change at higher strain rates. More obviously, future work can focus on the change 
in mechanical properties due to cyclic behavior as well as the development of physical models to 
predict mechanical responses. 
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Appendix A – Sample Physical Measurements 
Polymer EVA TPU 
Foam 
Type 
2% 4% 6% 8% 10% 125 °C 130 °C 135 °C 140 °C 
Average 
Height 
(cm) 
1.006 1.144 1.266 1.358 1.506 0.822 0.9212 0.949 1.050 
Average 
Diameter 
(cm) 
3.218 3.214 3.200 3.196 3.196 2.222* 2.222* 2.222* 2.222* 
Average 
Mass (g) 
3.273 2.256 1.84 1.503 1.375 1.277 1.250 1.045 0.786 
*Diameters assumed to be exactly 0.875 in. (the value assigned for cutting the sheet stock). 
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Appendix B – SEM Images 
EVA 
The images for 2% and 4% are at magnifications of 150x and the images for 6%, 8%, and 10% 
are at magnifications of 200x. 
         
        
       
 
 
B2 
 
TPU 
All magnifications are at 200x. 
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Appendix C – Representative Cells 
EVA 
            
            
 
C2 
 
TPU 
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Appendix D – Load/Unload Data 
Comparing Strain Rates – EVA 
   
 
 
  
D2 
 
Comparing Densities – EVA 
  
  
Comparing Strain Rates – TPU 
Density 1, 2, 4.1, and 4.2 correspond to cure temperatures of 140 °C, 135 °C, 130, °C, and       
125 °C, respectively 
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Comparing Densities – TPU 
  
  
E1 
 
Appendix E – Mechanical Data Values 
Load/Unload Test Values 
Red boxes indicate that no data were collected for those values. 
Strain Rate Sample Young's Modulus Young's Modulus Yield Strength Strain at Yield Plateau Slope Max Strain Max Stress @ Max Strain Area of Hysterisis
(mm/min) Loading (kPa) Unloading (kPa) (kPa) % (kPa) (%) (kPa) (GJ/m
3)
0.5 2% 3477 3642 8.28 227
4% 1726 1271 151.2 10.7 121.6 26.11 190.8
6% 1100 1655 75.95 8.1 60.79 64.54 131.1
8% 694.2 252.2 43.04 6.4 49.81 90.74 101.1
10% 490.7 160.9 35.33 7.4 42.02 1.068 86.15
5 2% 3513 3757 7.91 235.7
4% 1869 1528 155.5 11.3 273 20.28 202.2
6% 1195 636.5 91.87 9.4 53.14 60.36 136.8
8% 744.1 300.8 44.65 6.2 49.67 87.17 104.8
10% 515.4 223.8 37.11 7.4 43.16 1.024 89.99
10 2% 3694 3881 7.78 231.7 197
4% 1908 1414 174.6 11 318.5 18.25 206.5 3280
6% 1298 648 87 7.8 51.14 58.59 139.2 5495
8% 826.3 317 41.31 5.2 50.09 86.14 106 5181
10% 609.4 244.1 42.05 7.1 41.04 1.006 91.82 5737
15 2% 3819 4051 7.19 232.8
4% 1936 1621 160 10.2 363.6 18.2 206.7
6% 1279 678.6 97.98 9.2 50.22 57.76 140.4
8% 844.5 333.5 42.23 5.2 54.39 83.03 109.3
10% 592.3 238.5 37.91 6.6 41.56 1.012 91.15
EVA Data
E2 
 
 
 
Mechanical Property Explanations: 
Young’s Modulus Loading: Calculated from initial slope of curve 
Young’s Modulus Unloading: Calculated from slope of curve at the end of unloading  
Yield Strength: Calculated from 0.2% offset method 
Strain at Yield: The strain value at which the yield strength was calculated 
Plateau Slope: The general slope of the plateau  
Max Strain: The max true strain reached at the end of the loading portion of the test 
Max Stress at Max Strain: The max true stress reached at the end of the loading portion of the test 
Area of Hysteresis: The area of hysteresis calculated using Riemann sum technique for integration
Strain Rate Sample Young's Modulus Young's Modulus Yield Strength Strain at Yield Plateau Slope Max Strain Max Stress @ Max Strain Area of Hysterisis
(mm/min) Loading (kPa) Unloading (kPa) (kPa) % (kPa) (%) (kPa) (GJ/m
3)
0.5 125 °C 1359 1087 116.8 9.9 227 27.16 193.7
130 °C 1405 1078 103.3 7.8 165.4 30.26 185.5
135 °C 609.9 451 62.71 12.2 67.75 66.81 128.7
140 °C 287.8 223.7 38.31 15.5 52.46 1.003 92.01
5 125 °C 1354 1027 122.2 10.1 332.8 25.31 197.5
130 °C 1403 1225 134.5 11.2 343.4 24.3 197
135 °C 673.5 524.2 77.13 14.4 88.5 57.64 141.1
140 °C 305 232.1 41.94 15.9 52.83 97.05 95.17
10 125 °C 1528 1265 123 9.3 577.5 20.43 207.8 558
130 °C 1337 1079 129.6 11.7 267.2 27.86 190.3 974
135 °C 703.4 489.8 62.28 10.2 92.58 57.67 141.3 1426
140 °C 313 245.2 38.43 13.4 62.26 92.46 99.67 1258
15 125 °C 1318 1127 120.9 9.9 436.1 23.51 201.2
130 °C 1358 1213 123.6 11 308.3 24.92 195.7
135 °C 699 523.3 71.66 11.3 97.86 54.05 146.5
140 °C 349.6 273.6 42.69 13.6 62.39 89.29 103.1
TPU Data
E3 
 
Stress Relaxation Test Values 
 
% Strain Sample Relaxation Time
(s)
5 2% 1.02
4% 2.052
6% 1.6
8% 1.644
10% 1.816
10 2% 12.924
4% 5.036
6% 5.076
8% 5.184
10% 5.256
20 2%
4% 4.644
6% 6.24
8% 8.296
10% 8.904
30 2%
4% 5.696
6% 7.96
8% 12.716
10% 13.332
EVA Data
% Strain Sample Relaxation Time
(s)
10 125 °C 8.592
130 °C 5.344
135 °C 8.48
140 °C 5.968
20 125 °C 9.568
130 °C 8.92
135 °C 19.06
140 °C 19.84
30 125 °C 8.5
130 °C 8.584
135 °C 17.816
140 °C 24.896
TPU Data
F1 
 
Appendix F – Correlation Plots
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